Background. microRNA-23b (miR-23b) is a multiple functional miRNA. We hypothesize that miR-23b plays a role in the pathogenesis of sepsis. Our study investigated the effect of miR-23b on sepsis-induced immunosuppression.
miRNA that prevents multiple autoimmune diseases by regulating inflammatory cytokine pathways [20] and promotes tolerogenic properties of dendritic cells by inhibiting NF-κB signaling [21] . miR-23b regulated the expression of inflammatory factors in vascular endothelial cells stimulated by lipopolysaccharide (LPS) [22] , but the underlying mechanism has not been clarified. Late sepsis is characterized by immunosuppression, which is mostly related to the deletion or/and dysfunction of immune cells [1] . We speculate that miR-23b may contribute to immunosuppression during late sepsis. Since NF-κB and apoptotic signaling pathways play the important regulatory roles in inflammatory and immune function [14] , here we hypothesize that miR-23b may act on sepsis through NF-κB and the apoptotic signaling pathway. We evaluated the immunological effect of miR-23b on NF-κB activity and the apoptotic signaling pathway.
MATERIALS AND METHODS

Experiment Animals and Cecal Ligation and Puncture (CLP) Late
Sepsis Model
Male, 8-10-week-old C57BL/6 wild-type (WT) mice, Toll-like receptor 2 (TLR2) knockout (KO) mice, and TLR4 KO mice were obtained from Jackson Laboratory (Bar Harbor, ME). TLR9 KO mice were provided by Dr Shizuo Akira (Osaka University, Osaka, Japan) via Dr Dennis Klinman (National Cancer Institute, Frederick, MD). All mice were maintained in the Division of Laboratory Animal Resources at East Tennessee State University (ETSU). All animal studies were approved by the ETSU Committee on Animal Care.
Polymicrobial late sepsis was induced by CLP as described previously [23, 24] . Briefly, mice were anesthetized via 5.0% isoflurane inhalation with 100% oxygen in a closed chamber. A small anterior abdominal incision was made, and the cecum was ligated 1 cm proximal to the terminal of cecum with 2-0 silk and then was punctured twice with a 23-gauge needle. A small amount of feces was extruded into the abdominal cavity. To create the late sepsis phenotype, mice were subcutaneously administered imipenem (25 mg/kg body weight) 8 and 16 hours after CLP.
Others and we have reported that early sepsis is confirmed by detection of elevated cytokine levels in the first 5 days after CLP, and late/chronic sepsis (after day 5) was confirmed by detection of reduced levels circulating proinflammatory cytokines [24, 25] . In this study, 3 days after CLP represents the onset of early sepsis, and 12 days after CLP represents the onset of late sepsis.
Transfer and Injection of miR-23b Inhibitor
Both mirVana (an in vivo-ready miR-23b inhibitor) and negative control (miR-Con; Ambion) were complex with Invivofectamine 3.0 (Invitrogen) reagent according to the manufacturer's protocol and our previous study [23] and were injected via the tail vein at a dose of 5 mg/kg in 100-μL volumes. Injection was performed 48 hours after CLP, to allow initiation of sepsis.
Endotoxin Challenge
Surviving septic mice were challenged 6-16 days after CLP intraperitoneally with 10 μg of LPS (Sigma-Aldrich). Sera were collected for cytokine measurements.
Cell Lines, Cell Isolation, and Cell Cultures and Treatments
HEK293T and Jurkat cell lines were obtained from the ATCC. HEK293T cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum and human Jurkat T lymphocytes were cultured in Roswell Park Memorial Institute 1640 medium (Invitrogen) with 10% fetal bovine serum and 1% HEPES. CD4 + T cells in spleens were negatively selected by the MagCellect Mouse CD4 + T Cell Isolation Kit (R&D Systems). CD4 + T cells were cultured and treated with TLR agonists (LPS 20 μg/mL, peptidoglycan 10 μg/mL, or CpG 2 μM) and with p38 inhibitor SB203580 (10 or 20 μM), ERK inhibitor PD98059 (10 μM), or JNK inhibitor SP600125 (10 μM).
Transfection of miR-23b Mimics and miR-23b Inhibitors
HEK 293T cells or Jurkat cells were transfected with mirVana miR-23b mimics, negative control, and miR-23b inhibitors (Genepharma, Beijing, China) at a final concentration of 100 nM, using the transfection reagent HiPerfect (Qiagen).
Transfection of Plasmids and Dual-Luciferase Reporter Assay
The WT 3′-UTRs of NIK, TRAF1, and XIAP were cloned into pmirGLO vectors, as well as the mutant type (Mut) 3′-UTR plasmids of NIK, XIAP, and TRAF1 (Genepharma). The oligonucleotide sequences and cloning restriction enzyme sites were shown in Supplementary Table 1 . Validation of miR-23b binding to the 3′-UTR was performed using dual-luciferase reporter assays. miRs and NIK/TRAF1/XIAP WT/Mut 3′-UTR plasmids were cotransfected in HEK293T cells. The promoter of miR23b on genome loci was cloned and inserted upstream of the luciferase gene in the pGL3-Basic vector (Promega), which was designated as pGL3-p23b (Genepharma). HEK293T cells were cotransfected with pGL3-p23b and the STAT3 expression vector plasmid, using Lipofectamine 3000. Luciferase activity was measured using the Dual-Glo Luciferase assay system as recommended by the manufacturer. All experiments were repeated 3 times in quadruplicate.
Quantitative Polymerase Chain Reaction (qPCR) Assay of miRs miRs were isolated from spleens, lymph nodes, peripheral blood specimens, and cells, using the mirVana miR isolation kit (Ambion). miR-23b levels were quantified by qPCR, using specific primers and the TaqMan MicroRNA Assay (primer identification numbers: 000400 for mmu-miR-23b and 001973 for snRU6), as well as TaqMan Universal PCR Master Mix (Applied Biosystems). snRU6 was set as an internal control.
Real-Time qPCR
Total RNA was isolated from mouse spleens or cells, using an RNeasy Plus Mini Kit (Qiagen Sciences). PCR was performed using the real-time SYBR Green Fluorescein PCR Master Mix (SABiosciences). The primer sequences are shown in Supplementary Table 1 .
Electrophoretic Mobility Shift Assay (EMSA)
Nuclear proteins were isolated from spleens, and EMSAs were performed as described previously [26] . NF-κB2 binding activity was performed using a LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific). The biotin-labeled double-stranded NF-κB2 oligonucleotide sequence is shown in Supplementary Table 1.
Chromatin Immunoprecipitation (ChIP) Assays
The ChIP assays were performed using an EZ-ChIP assay kit (Millipore) as in our previous study [27] . After treatment with 1% formaldehyde, HEK293T cells were lysed, and DNA was digested into fragments approximately 300-bp long. DNA fragments were then incubated with 10 μL of supernatant, followed by precipitation with antibody to STAT3 (Cell Signaling) or IgG control antibody at 4°C overnight. Then, immune complexes were precipitated with 60 µL of protein G-agarose for 2 hours at 4°C, and the immunoprecipitates were eluted from protein G-agarose. DNA-protein complexes underwent reverse cross-linking. Finally, DNA was purified and eluted. Real-time PCR was performed using SYBR Green ER qPCR Supermix (Invitrogen). The primer used for the miR-23b promoter is shown in Supplementary Table 1.
Western Blot Analysis
Western blot was performed as described previously [23] . Samples containing equal amounts of protein extracted from spleens were evaluated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane. After blocking with 5% bovine serum albumin, the membrane was incubated overnight at 4°C with the primary antibody. The signal was detected with an ECL system (Amersham Biosciences). The antibodies are shown in Supplementary Table 2.
Immunohistochemical (IHC) Analysis and Apoptosis Detection
IHC analysis was performed with a Vector Mouse on Mouse immunodetection kit (Vetor Laboratories). Paraffin spleen sections (5-µm thick) were blocked in 1% blocking reagent and then incubated with anti-XIAP antibody for 30 minutes. The signal was developed with DAB substrate, and sections were counterstained with hematoxylin. Apoptotic cells were detected by a terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay, with a Situ Cell Death detection kit (Roche Diagnostic).
Flow Cytometry
A single-splenocyte suspension was prepared, and flow cytometry was performed as described previously by us [28] . Suspensions were labeled by incubation for 30 minutes with appropriate fluorochrome-conjugated antibodies and were analyzed by flow cytometry on the FACScan system (BD Biosciences). The antibodies are shown in Supplementary  Table 2 .
Enzyme-Linked Immunosorbent Analysis (ELISA)
Serum levels of the proinflammatory cytokines TNF-α and interleukin 1β (IL-1β) and the antiinflammatory factors interleukin 10 (IL-10) and interleukin 4 (IL-4) were analyzed with mouse Quantikine ELISA kits (R&D Systems) according to the manufacturer's instructions.
Statistical Analysis
A Kaplan-Meier survival curve was plotted, and data were analyzed using GraphPad Prism 6. Other data were analyzed by the Student t test, for 2-group comparisons, or by 1-way or 2-way analysis of variance, as appropriate. All values are expressed as means ± standard deviations. A P value of < .05 is considered statistically significant.
RESULTS
miR-23b Was Upregulated and Maintained During Sepsis
We investigated the expression of miR-23b in spleens, peripheral blood specimens, and lymph nodes. Elevated expression was sustained during early and late sepsis ( Figure 1A-1C) . Human Jurkat T lymphocytes express various chemokine receptors. They have been widely used to study T-cell-related immunoregulation signaling [29] . Immunosuppression during late sepsis is typically associated with T-cell dysfunction [1] . miR-23b expression was examined in Jurkat cells treated with LPS. miR-23b expression increased significantly in Jurkat cells after LPS stimulation for 6 hours ( Figure 1D ). Data indicate that miR-23b expression is upregulated during sepsis.
Induction of miR-23b Is Dependent on TLRs/p38/STAT3 Signaling During Sepsis
TLR4 and TLR9 were upregulated during sepsis (Supplementary Figure 1A) . miR-23b expression decreased in TLR4 KO and TLR9 KO septic mice, compared with WT septic mice (Supplementary Figure 1B) . It increased after stimulation by LPS and CPG in CD4 + T-cell cultures and was especially higher after LPS and CPG costimulation (Supplementary Figure 1C) . p38 and JNK sustained elevated miR-23b expression during late sepsis (Supplementary Figure 1D) . The p38 inhibitor SB203580 attenuated miR-23b expression in a dose-dependent manner, but JNK and ERK inhibitors did not significantly abrogate the upregulation of miR-23b (Supplementary Figure 1E) . To determine the transcriptional regulation of miR-23b, several transcription factors related to inflammation were examined. As shown in Figure 2A , STAT3 and p53 sustained upregulation during early and late sepsis. There were 2 STAT3-binding sites for primary miR-23b upstream from miR-23b promoter (P1 and P2; Supplementary Figure 2A ). The ChIP assay confirmed the putative sites where STAT3 bound the promoter ( Figure 2B and 2C). The luciferase reporter assay showed that luciferase activities increased nearly 3-fold after transfection of STAT3 plasmids, compared with control vehicle ( Figure 2D ). The level of STAT3 was downregulated or upregulated in the presence of the p38 inhibitor SB203580 or p38-expressing plasmids, respectively, in Jurkat cells stimulated by LPS (Supplementary Figure 2B) . Expression of miR-23b decreased notably after treatment with SB203580 or the STAT3 inhibitor S3I-201 but was markedly upregulated with the administration of p38-or STAT3-expressing plasmids individually and increased by 15.3-fold when the plasmids were coadministered (Supplementary Figure 2C) . p53 agonist or inhibitor did not influence the expression of miR-23b (data not shown). Together, these results suggest that the TLR4/TLR9/p38 MAPK/STAT3 signal pathway contributed to miR-23b induction during sepsis.
Blockade of miR-23b Alleviates Splenocyte Apoptosis and Improves
Survival During Late Sepsis miR-23b expression was significantly repressed after injection of miR-23b inhibitor 12 days after CLP ( Figure 3A ). When mice received the injection of miR-23b inhibitor, survival was improved by 42%, compared with that in the miR-Con group (P < .001; Figure 3B ). The effect of inhibitor on mortality was not observed until day 6 after CLP (4 days after inhibitor injection), which indicated that it would take a few days to inhibit miR-23b and improve mortality. TUNEL analysis revealed that the positive cells were significantly lower in mice that underwent CLP and received miR-23b inhibitor, compared with mice that received CLP only and with miR-Con mice, during late sepsis ( Figure 3C ). miR-23b inhibitor alleviated the activation of proapoptotic factors and stabilized the antiapoptotic factors during late sepsis ( Figure 3D ). These results implied that miR-23b prompted splenocyte apoptosis induced by CLP during late sepsis.
miR-23b Decreases NF-κB Binding Activity and Induces Apoptotic Factors by Targeting NIK, TRAF1, and IKKα During Late Sepsis
To define the mechanism by which miR-23b promotes splenocyte apoptosis, the effects of miR-23b on noncanonical , and lymph nodes (C) during the early and late periods of sepsis. At 3 or 12 days after cecal ligation and puncture (CLP), spleens, serum, and lymph nodes were harvested for assay of miR-23b by real-time quantitative polymerase chain reaction analysis (qPCR). There were 6 mice per group. D, Jurkat cells were harvested for miR-23b quantification after treatment for 6 hours with lipopolysaccharide (LPS; 20 µg/mL) and then evaluated by real-time PCR analysis. *P < .05, **P < .01, and ***P < .001.
NF-κB signal binding activity and related regulatory proteins were examined in spleens obtained from mice during late sepsis. As shown in Figure 4A , expression of both NIK and p52 decreased following the accumulation of p100 and inactivation of NF-κB2. TRAF1 and IKKα were also inhibited during late sepsis. However, miR-23b inhibitor rescued the NF-κB2 binding activity and induced p100 processing by upregulating NIK, TRAF1, and IKKα. Levels of NIK and TRAF1 mRNA furthermore exhibited the same trends as those observed for protein levels during late sepsis (Supplementary Figure 3A and 3B). These results suggested that the induction of miR-23b during late sepsis significantly downregulated noncanonical NF-κB signaling, with accompanying downregulation of NIK, TRAF1, and IKKα.
miR-23b mimic and inhibitor were transfected to Jurkat cells. The expression of NIK, TRAF1, IKKα, p100, and p52 and the binding activity of NF-κB2 were determined after stimulation for 6 hours with TNF-α. miR-23b mimic significantly inhibited expression of p52 and NF-κB2 binding activity, whereas the expression of NIK, TRAF1, and IKKα was downregulated and the expression of p100 upregulated. However, miR-23b inhibitor reversed these effects ( Figure 4B ). The inhibitory effects of the miR-23b mimic on NIK and TRAF1 expression were dose dependent ( Figure 4C ). The mRNA level of NIK showed the same trend, but the transcription products of TRAF1 were barely altered following miR-23b mimic transfection (Supplementary Figure 4C) , suggesting that miR-23b primarily reduces TRAF1 levels by selectively inhibiting the translation of TRAF1 mRNA Luciferase activities were measured using a dual-luciferase reporter assay system. IgG, immunoglobulin G. **P < .01 and ***P < .001.
but not by degrading mRNA. NIK and TRAF1 were potential targets of miR-23b-3p (Supplementary Figure 3D and 3E) . The putative binding sites were validated by dual-luciferase reporter assays. miR-23b reduced the luciferase activity by 50% in the NIK WT-UTR, by 20% in Mut1, and by 40% in Mut2, compared with findings for the negative control, suggesting miR23b bound to site 1 rather than to site 2 ( Figure 4D ). miR-23b reduced the luciferase activity by 48% in the TRAF1 WT-UTR ( Figure 4D ). Therefore, these results suggested that miR-23b had direct interactions with the 3′-UTR of NIK and TRAF1.
miR-23b Inhibits the Expression of XIAP and Promotes the Activation of Caspase Signaling During Late Sepsis
XIAP can inhibit caspases by direct physical interaction and thereby modulate NF-κB signaling [17] . The protein and mRNA levels of XIAP were significantly inhibited during late sepsis ( Figure 5A and Supplementary 4A). JNK and caspase 3, 7, 8, and 9, as the downstream signals of XIAP, were substantially activated. miR-23b inhibitor blocked the activation of proapoptotic factors and stabilized XIAP expression ( Figure 5A ). IHC analysis also demonstrated that the number of XIAP-positive spleen cells decreased significantly during late sepsis ( Figure 5B) . Transfection of the miR-23b mimic in Jurkat cells reduced XIAP expression and promoted the activation of proapoptotic factors, but miR-23b inhibitor restored XIAP activity and alleviated the proapoptotic signal ( Figure 5C) . The XIAP mRNA level was also inhibited after transfection of miR-23b mimics into Jurkat cells (Supplementary Figure 4B) . The inhibiting effect was dose dependent (Supplementary Figure 4C) . XIAP is a potential target of miR-23b (Supplementary Figure 4D) . Decreased expression of microRNA-23b (miR-23b) attenuates apoptosis in spleens and improves survival among mice during late sepsis. A, At 2 days after cecal ligation and puncture (CLP), miR-23b inhibitor (miR-23b-Inh) or miR control (miR-Con) was injection via the tail vein. The spleens were harvested for the determination of miR-23b expression by real-time quantitative polymerase chain reaction analysis 12 days after CLP. There were 5 mice per group. B, Mice were monitored for survival for up to 28 days. There were 16 mice per group. C, Apoptotic cells in spleens were determined by a terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay 12 days after CLP. D, The levels of Bax, Bim, Bcl-2, and Bad were determined by Western blot analysis in splenic tissues 12 days after CLP. **P < .01 and ***P < .001.
miR-23b decreased almost 45% of the luciferase activity in the XIAP WT-UTR, compared with negative control. The luciferase activities in the XIAP mut1-UTR were restored completely, whereas activity in the mut2-UTR also decreased by approximately 50%, suggesting that miR-23b bound to site 1 rather than to site 2 ( Figure 5D ). . Transfection of microRNA-23b (miR-23b) inhibitor restores the binding activity of nuclear factor κB (NF-κB2) by targeting the expression of NF-κB-inducing kinase (NIK) and tumor necrosis factor-receptor associated factor 1 (TRAF1). A, Spleens were harvested for determination of NIK, TRAF1, IκB kinase-α (IKKα), p100, and p52 expression by immunoblotting and of NF-κB2 binding activity by an electrophoretic mobility shift assay (EMSA) 12 days after cecal ligation and puncture (CLP). Two days after CLP, miR-23b inhibitor (miR-23b-Inh) or miR control (miR-Con) was transfected via the tail vein. B, Jurkat cells were transfected with either miR-23b inhibitor or mimic at 100 nM, using Hiperfect reagent, and expression of NIK, TRAF1, IKKα, p100, and p52 was determined by immunoblotting and NF-κB2 binding activity was tested by EMSA after stimulation with TNF-α for 6 hours. The 2 lanes under each label were treated with the same reagent (ie, they represent repeat experiments). C, The protein levels of NIK and TRAF1 were examined by immunoblotting in Jurkat cells with various doses of miR-23b mimics. D, The relative luciferase activity was measured using the Dual-Glo Luciferase assay after miR-23b mimics and pmirGLO-NIK -3′UTR (left panel) or pmirGLO-TRAF1-3′UTR (right panel) vectors were cotransfected in HEK293T cells. Mut1 plasmid was the mutant at binding site 1, Mut2 plasmid was the mutant at binding site 2. NC, negative control; PBS, phosphate-buffered saline; WT, wild type. *P < .05, **P < .01, and ***P < .001. Mice that survived or were moribund were pooled 6-16 days after CLP and then challenged with LPS. After 6 hours, levels of proinflammatory (TNF-α and IL-1β) and antiinflammatory (IL-10 and IL-4) cytokines in peripheral blood specimens were measured. The mice injected with miR-23b inhibitor after CLP produced significantly larger amounts of TNF-α and IL-1β but smaller amounts of IL-10 and IL-4 ( Figure 6A ). The transcription levels of these cytokines in spleens had alterations corresponding to the trends in peripheral blood specimens ( Figure 6B ). The number of T-helper type 1 (Th1) cells was markedly reduced but the number of Th2 cells increased during late sepsis in mice that underwent CLP. The imbalance between Th1 and Th2 cells was restored in mice treated with miR-23b inhibitor ( Figure 6C ). Since miR-23b can restore immunoreactivity during late sepsis, we speculated it might also alleviate T-cell exhaustion. Flow cytometry revealed that expression of programmed death ligand 1 (PD-L1) increased on T cells during late sepsis. miR-23b inhibitor downregulated PD-L1 expression on splenic T lymphocytes from septic mice ( Figure 6D ).
miR-23b Contributes to
DISCUSSION
The TLR4/TLR9/p38 MAPK signal pathway promoted the transcription of STAT3. A previous study demonstrated that miR-23b-27b-24-1 cluster genes were transactivated through . microRNA-23b (miR-23b) activates apoptotic signal during late sepsis via targeting X-linked inhibitor of apoptosis protein (XIAP). A, The determination of protein levels of XIAP, JNK, cleaved caspase 3 (Cl-caspase3), Cl-caspase8, Cl-caspase9, and Cl-caspase7 in spleen by immunoblotting were examined 12 days after cecal ligation and puncture (CLP). B, The expression of XIAP in spleen was detected by immunohistochemical analysis. C, The expression of XIAP, JNK, Cl-caspase3, Cl-caspase8, Cl-caspase9, and Cl-caspase7 was evaluated by immunoblot in Jurkat cells stimulated with lipopolysaccharide (LPS) for 6 hours after transfecting either miR-23b inhibitors (miR-23b-Inh) or mimics at 100 nM. D, Relative luciferase activity was measured by the Dual-Glo Luciferase assay after miR-23b mimic and pmirGLO-XIAP-3′UTR vector were cotransfected in HEK293T cells. Mut1 plasmid was the mutant at binding site 1, and Mut2 was the mutant at binding site 2. NC, negative control. *P < .05, **P < .01, and ***P < .001.
promoter binding of STAT3 following Toxoplasma gondii infection [30] . Our previous study demonstrated that activation of STAT3 mediated the production of IL-10 [31] , which was released by apoptotic cells and disrupted neutrophils to mediate immunosuppression [32] . The current study revealed that the TLR4/TLR9/p38 MAPK/STAT3 signaling pathway probably activates a negative feedback pathway through induction of miR-23b to limit hyperinflammation, enabling mice to return to immune homeostasis during early sepsis. This early hyperinflammatory phase of sepsis may induce reprogramming of miR-23b expression until late sepsis. The sustained induction of miR-23b as a compensatory antiinflammatory response to D, Percentages of exhausted CD4 + and CD8 + T cells expressing programed death ligand 1 (PD-1) were determined by flow cytometry. Inh, inhibitor; Con, control. *P < .05, **P < .01, and ***P < .001.
limit damage may generate immunosuppression and promote chronic infection. The mechanism of reprogramming needs further confirmation. Previous study has shown that miR-23b inhibited the expression of inflammatory factors in vascular endothelial cells in vitro [22] . Our study demonstrated that inhibition of miR-23b in vivo could alleviate apoptosis and improve the late-sepsis survival. We also determined that miR-23b promoted apoptosis by inhibiting noncanonical NF-κB activity during late sepsis. The canonical NF-κB pathway leads to rapid but transient activation, whereas the noncanonical NF-κB pathway is characteristically slow and persistent [15] . We focused on the noncanonical NF-κB signal during late sepsis because of the prolonged immunosuppressive state. NF-κB2 activity was inhibited during late sepsis and could be rescued by miR-23b inhibitor, which implied that miR-23b modulated NF-κB2 signaling. When NIK was depleted, there was decreased activation of the noncanonical NF-κB pathway, which also resulted in reduced expression of genes that contribute to cell growth and prosurvival factors [33] . NIK is necessary for the survival of human T-cell lymphoma cells [34] . Suppressing NIK activation induces apoptosis through the inhibition of nuclear translocation of NF-κB2 [35] . NIK silencing reduced expression of several prosurvival and antiapoptotic factors [36] . Our results demonstrated that NIK expression decreased during late sepsis as the target of miR-23b. TRAF1 can interact with NIK and IKKα [34] . TRAF1 is a positive regulator of the NF-κB alternative pathway [16] . Successful depletion of TRAF1 expression abrogates antiapoptotic activity in L428 cells [37] . Dendritic cells from TRAF1-deficient mice showed attenuated NF-κB signaling [38] . In the current study, we confirmed that TRAF1 was another target of miR-23b and demonstrated that reduced expression of TRAF1 was followed by inhibited NF-κB2 activity in the late sepsis.
XIAP plays a key function in maintaining T-cell homeostasis and suppressing cell death [39, 40] . Mutations in XIAP lead to enhanced apoptosis in lymphocytes and result in relatively low numbers of natural killer cells [40, 41] . We found that the inhibition of XIAP as the target of miR-23b promoted the upregulation of a series of caspases and proapoptotic signals to trigger apoptosis.
Exhausted T cells also have an increased tendency to undergo apoptosis because of changes in the ratio of proapoptotic and antiapoptotic Bcl-2 family members [42] . Uptake of apoptotic cells results in immune tolerance by inducing anergy or a Th2 cell-associated immune phenotype with increased IL-10 production [10] . The binding of PD-1 to PD-L1 promotes lymphocyte apoptosis, causes the deactivation of immune cells, and decreases cytokine expression to lead to immunosuppression, thus affecting survival rates [11] . Our findings revealed that sepsis resulted in lower levels of proinflammatory cytokines (TNF-α and IL-1β) and increased T-cell expression of PD-L1 during the late phase. Blocking miR-23b attenuated PD-L1 expression on T cells.
In the current study, we found that TLR4/TLR9/p38 MAPK signaling promotes the upregulation of STAT3, which contributes to the transcription of miR-23b during sepsis. The augmentation of miR-23b induces splenic apoptosis and T-cell exhaustion to mediate immunosuppression during late sepsis by inhibiting NIK, TRAF1, and XIAP expression (Supplementary Figure 5) . Blocking the expression of miR-23b may be an effective approach in the prevention and treatment of sepsis-induced immunosuppression.
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